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Abstract — Poly Hexamethylene Adipamide (PA-66) 
nanocomposite fibers were prepared by melt mixing PA-66 
using two Polyhedral Oligomeric Silsesquioxane (POSS) as 
fillers: Octaphenyl Polyhedral Oligomeric Silsesquioxane (OPS) 
and Octa-Aminophenyl Polyhedral Oligomeric Silsesquioxane 
(OAPS). OPS and OAPS in PA-66 was varied between 1% wt. 
and 3% wt. PA-66 nanocomposite fibers with varying 
concentrations of POSS were then analyzed using TGA, DSC 
and then compared to that of neat PA-66. PA-66 was thermally 
stable up to 350°C with low molecular weight species burning 
off below 200°C. PA-66-OPS were also thermally stable up to 
350°C with burn-off of low molecular weight species being 
below 240°C. PA-66-OAPS was found to be more thermally 
stable (up to 400°C) with low molecular weight species burning 
off below 200°C. The decomposition temperatures of the 
PA66/POSS nanocomposites increased as the POSS content was 
increased, an indicator that the thermal decay of the 
PA66/POSS nanocomposites was slowed down by incorporating 
POSS into the PA66 matrix. Addition of POSS to PA-66 also 
increased crystallization temperature but did not change the 
melting temperatures. OAPS exhibited better thermal behavior 
when added to PA-66 compared to OPS and therefore is 
recommended as a prospective nanomaterial for further studies. 

Index Terms — Nanocomposites, Polyamide 66, Polyhedral 
Oligomeric Silsesquioxane, Thermal Properties. 


I. INTRODUCTION 

PA 66 is one of the most famous engineering 
thermoplastics because of its excellent physical and 
mechanical properties[l]. Nylon was discovered by Wallace 
Hume Carothers at the DuPont Company and the introduction 
of PA 66 as toothbrush filaments by DuPont in 1938 was the 
first polyamide application^]. In recent years, the increasing 
interest in polyamides results from their higher melting points 
to extend the boundaries of this polymer type to satisfy more 
stringent high temperature automobile and electronic 
applications[3,4] In commercial manufacture of polyamides, 
dicarboxylic acids and diamines, co-amino acids, or lactams 
are used. PA66 is produced through polycondensation of 
hexamethylene diamonium adipate salt obtained from the 
reaction of species of diamine and diacid followed by the 
removal of water as illustrated in the reaction scheme in 
Figure l.[5] 
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(Dhcid) Diamine (Hexamethylene diamonium adipate salt) 
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(Hexamethylene diamonium adipate salt) (PA66) 

Figure 1: Polymerization of PA66[6] 


Polyhedral silsesquioxanes (POSS) represent a versatile 
class of highly symmetrical three-dimensional organo-silicon 
compounds with well-defined nanometre structures. The 
combination of a rigid inorganic core and a more flexible and 
reactive organic shell makes these compounds extremely 
useful as potential platforms for nanoscale composite 
(nanocomposite) materials with hybrid properties 
intermediate of ceramics and organics.[5, 7-17] 

The term silsesquioxane refers to a very large family of 
silicon-oxygen compounds with the idealized empirical 
formula (RSiOi. 5 ) n , where R is hydrogen or any alkyl, 
alkylene, aryl, arylene, or derivatives of these groups.[18] 
Silsesquioxanes have been synthesized with structures that 
are either polymeric or oligomeric (i.e. existing as discrete 
polyhedral structures) and generally exhibit different 
properties, hence their research and applications are usually 
separated. [19] Furthermore, silsesquioxanes can be further 
divided into two subgroups: completely condensed and 
incompletely condensed. For completely condensed species 
[Figure 2 (a-c)], oxygen acts only as a bridge between silicon 
atoms and there are no -OH functionalities. However, 
incompletely condensed silsesquioxanes contain silanol 
groups [Figure 2(d)] which make them ideal compounds for 
modeling the surfaces of silica [17, 20-22] and as ligands for 
metal coordinate complexes. [23] 
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Figure 2: Some representative silsesquioxane structures 
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Since the ability to precisely tailor the macroscopic 
properties of a material requires manipulating component 
organization at the finest (nanometre) length scales, highly 
symmetrical nano-building blocks are required to 
minimize structural defects and maximize periodicity from 
the nanometre to the macroscopic length scales. The 
combination of high symmetry and nanometre size suggests 
that silsesquioxanes can be used as nanoscale building 
(nano-building) blocks for the assembly of larger macroscale 
materials but with control of global properties extending 
through the finest length scales. Moreover, the inorganic core 
offers the rigidity and heat capacity of silica which can bolster 
both the mechanical and thermal properties of 
silsesquioxane-based nanocomposites beyond those typically 
found in organic-only frameworks. [24] 

Of particular interest to us are the highly symmetric cubic 
silsesquioxanes [Figure 2(c)], which are unique spherical 
organic/inorganic molecules consisting of rigid silica cores 
with eight vertices each containing an organic moiety. They 
are 1-2 nm in diameter with volumes < 2 nm 3 with each 
organic functional group located in a separate octant in 
Cartesian space, orthogonal or in opposition to each 
other. [25, 26] 

This study therefore fabricated Poly Hexamethylene 
Adipamide (PA-66) nanocomposite fibers by melt mixing 
PA-66 using two Polyhedral Oligomeric Silsesquioxane 
(POSS) as fillers: Octaphenyl Polyhedral Oligomeric 
Silsesquioxane (OPS) and Octa-Aminophenyl Polyhedral 
Oligomeric Silsesquioxane (OAPS). The thermal stability, 
melting temperature and degree of crystallinity of the 
resultant PA-66 nanocomposite fibers were then evaluated to 
determine their possible applications in high temperature 
automobile and electronic applications. 


II. EXPERIMENTAL 


A. Materials 

Polyamide 66 was purchased from BASF, Shanghai, China 
and was vacuum dried prior to being used. POSS used was 
Octaphenyl substituted POSS (Octaphenylsilsesquioxane, 
OPS) and was purchased from Liaoning AM Union 
Composite Materials Co., Ltd., China. 

B. Nanocomposite fiber fabrication process 

OPS was converted to Octaaminophenyl POSS (OAPS) 
using a two-step nitration-reduction reaction as shown in 
Figure 3. The two-step functionalization method to convert 
OPS to OAPS was adopted from a method described in our 
previous work. [26] 



^ ONPS OAPS 

Figure 3: Synthesis route for OAPS 


In formulating the PA-66/POSS nanocomposites, the 
weight ratios of PA66 to POSS was varied from 0% POSS to 
3% POSS. The formulations for various PA-66 
nanocomposites studied are as shown in table 1. 


Table 1: Composition of PA66/POSS nanocomposite 


Sample No. 

PA 66 

POSS (%wt.) 

(%wt.) 

OPS 

OAPS 

1 

100 

0 

0 


(Neat) 



2 

99 

1 

1 

3 

98 

2 

2 

4 

97 

3 

3 


Due to the sensitivity of PA-66 towards degradation by 
moisture, the resin was dried for 10 hours stepwise in a 
vacuum oven at 70°C for 2h, 100°C for 4h and 130°C for 4h. 
POSS is also capable of absorbing moisture and was dried 4 
hours prior to use at 100°C. Before each melt spinning 
process, the products needed to be dried in a vacuum for 4 
hours at 120°C. 

Blending of the PA-66 and POSS was done based on 
weight ratios ranging from 1% POSS to 3% POSS. A master 
batch was first prepared containing 10% POSS which was the 
diluted to achieve the required ratios. Master batch of 
PA-66-POSS was prepared in a twin screw extruder using 
260-265°C for 2 minutes. The master batch was used for 
preparing PA-66-POSS monofilament by melt spinning. The 
screw speed values were calibrated to get the proper 
dispersion of the materials. Before each spinning step, the 
amounts of the PA-66 and the POSS was balanced according 
to the percentage desired in the mixture. The reactive 
blending and spinning of OAPS/PA-66 and OPS/PA-66 
nanocomposites monofilaments was carried out on a 
laboratory scale twin screw extruder with varying 
concentration of POSS from 0 to 3 % by weight. 

Drawing of PA-66/POSS filaments was done in two steps. 
The first step was undertaken in the spinning machine. This 
was achieved by controlling the twin screw speed and the 
winding (take up) speed. The actual setting is given in Table 
2.The second and most important is drawing of POSS/PA66 
filaments was done on an indigenously built drawing 
machine. The sole aim of the second drawing is to improve the 
molecular orientation and stabilization of the PA66 filament 
structure for better performance properties. The filaments 
were drawn up to the maximum limit drawing just before 
filament weakening due to void formation and onset of stress 
whitening. The drawn filament was then used in the 
subsequent analysis of properties and performance. 


Table 1: Spinning and drawing parameters 


Twin screw 

spinning 

machine 

Spinning 

temperature 

Screw speed 

Winding speed 

270-275°C 

180 rpm 

450 rpm 


Temperature 

130-135°C 

Drawing 

Feed roller speed 

1 rpm 

machine 

Take up speed 

8 rpm 


Draw ratio 

8 


C. Methods 

Thermal degradation of POSS and PA-66-POSS 
nanocomposites were analyzed using a thermogravimetric 
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analyzer, TGA (The Discovery). The % weight versus 
temperature curve was used to determine the onset 
decomposition temperature. The derivative 
thermogravimetric curve (DTG) was used to qualitatively 
describe the nature of degradation observed in either POSS or 
in fibers. A platinum sample pan was used and the 
temperature range studied was up to 700 °C. A heating rate of 
10°C/min was used for all the samples. A fine powder of 5 to 
10 mg of POSS samples was ground and packed carefully into 
the pan to form a uniform layer. The PA-66 and PA-66/POSS 
(5 to 10 mg) fibers were cut into small pieces and placed in the 
pan. Dry nitrogen gas was purged through the balance and the 
sample chamber at 60 ml/min. 

Calorimetry was performed using a Netzsch DSC 204F1 
Phoenix instrument. The N2 flow rate was 60 mL/min. 
Samples (5-10 mg) were placed in a pan and ramped to 300°C 
(10°C/min/N2) then cooled and the cycle repeated again. 

III. RESULTS AND DISCUSSION 

TGA analysis was used to determine the thermal stability of 
the PA-66 and the fabricated nanocomposites. Figure 4 shows 
the TG plots for neat nylon 66 and PA-66/POSS 
nanocomposites with different percentages. The results show 
a small and very gradual weight loss between ambient 
temperatures and 350°C for PA-66 and its composites. This 
weight change was most likely due to the evolution of traces 
of moisture, volatiles or unreacted monomer. Above 350°C 
the neat PA-66 decomposes in a single smooth step as shown 
by the symmetrical derivative profile with peak temperature 
of 510°C. This weight change corresponds to the 
decomposition of the base polymer to leave residual carbon 
char from the polymer back bone. This carbon char is 
quantified as 3.1% at 600°C where the weight profile is at a 
plateau and does not change under the inert nitrogen 
atmosphere. 



(a) 



(b) 

Figure 4: Thermal analysis of: (a) OPS & P-A66 with 
different concentration of OPS (b) OAPS and PA66 with 
different concentration of OAPS 


In order to determine the effect of POSS addition on the 
thermal stability of PA-66, TGA analysis of pure PA-66 was 
compared with blended PA-66-OAPS and PA-66-OPS fibers 
in nitrogen. The weight % versus temperature (TG plot) 
curves for neat PA-66 as well as the PA-66-POSS composites 
are shown in figure 4 and their respective derivative curves 
shown in Figure 5. A slight increase in the onset 
decomposition temperature is observed for l%wt 
PA-66-OAPS fiber as compared to the pure PA-66. 
Composites with higher percentage of OAPS do not show any 
significant change in their thermal behavior. 



(a) 



(b) 

Figure 5: Derivative curves of (a) PA-66/OPS with varying 

OPS concentration (b) PA-66/OAPS with varying OAPS 
concentration 

The PA-66 TG plot shows that it is thermally stable up to 
350°C with low molecular weight species burning off below 
200°C, i.e., moisture; however the percentage is less than 2% 
of the sample. OPS composites are also thermally stable up to 
350°C. A burn-off of a low molecular weight species below 
240°C is apparent for OPS, close to 5%, which could be 
attributed to the OPS purity since it was used as received 
without any purification. OAPS is more thermally stable (up 
to 400°C) compared to PA-66 and OPS with low molecular 
weight species burning off below 200°C less than that of OPS, 
less than 2%. 

From the thermographs, there is a significant difference 
between neat PA-66 and PA-66 composites with composites 
recording a relatively higher thermal stability in which 1% 
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loading is outstanding. This was expected since the 
nanoparticles (POSS) has a better thermal stability and 
therefore influences the behavior of PA-66 to heat. OAPS 
indicates better thermal behavior compared to OPS and thus is 
a prospective nanomaterial for further studies. This indicates 
that the degradation of the organic groups has been slowed 
down by the presence of amine groups. The -NH 2 groups 
resonance stabilize the phenyl rings on the Si-O cage because 
the lone pair of electrons on nitrogen is stabilized by the 
hydrogen atoms. 

The temperatures of decomposition (table 3) for 
PA-66/POSS nanocomposites increased as the POSS content 
increased. This was an indication that the thermal decay of the 
PA-66/POSS was slowed down when POSS was incorporated 
into the PA-66 matrix. 

Residual yields of the PA-66/POSS, on the other hand, 
increased as the POSS content increased. This was an 
indication that thermal decay was slowed down in the polymer 
matrix of PA-66/POSS. This result was obtained due to the 
effect of physical barrier and therefore POSS prevented the 
transportation of products of decomposition through the 
polymer nanocomposite. 

Table 2: Thermal stability of PA66/POSS Nanocomposites 


with varying POSS Content 


Material 

Ti (°C) 

Tio 

(°C) 

t 60 

(°C) 

T d max 

PQ 

w 600 

(%) 

Neat 

PA66 

438.1 

460.3 

507.4 

510.5 

3.1 

1% OPS 

443.7 

476.4 

516.3 

514.7 

3.2 

2% OPS 

444.2 

471.1 

510.8 

506.1 

5.0 

3% OPS 

446.0 

475.4 

514.6 

509.2 

5.2 

1% 

OAPS 

446.2 

470.2 

512.5 

514.0 

3.5 

2% 

OAPS 

441.8 

461.5 

503.1 

501.9 

4.3 

3% 

OAPS 

440.9 

461.3 

502.0 

500.7 

4.7 


Where; 

Ti- Initial decomposition temperature from TGA 
T10- Decomposition temperature at 10% weight loss 
T60- Decomposition temperature at 60% weight loss 
Tdmax- Decomposition temperature at maximum rate 
W600-Residual yield at 600°C 

Residual yields of the PA-66/POSS, on the other hand, 
increased as the POSS content increased. This was an 
indication that thermal decay was slowed down in the polymer 
matrix of PA-66/POSS. This result was obtained due to the 
effect of physical barrier and therefore POSS prevented the 
transportation of products of decomposition through the 
polymer nanocomposite. 

DSC was also conducted on neat PA-66 and its composites. 
The DSC scans for PA-66 which received the same thermal 
treatment as the composite samples and its composites are 
shown in figure 6. 



Figure 6: DSC thermographs of PA-66 with varying 
percentages of POSS 

The scans suggests a very small amount of recrystallization 
at 225°C, and melting of the nylon 66 and its composites is 
observed at about 260°C. The crystallization behavior of 
PA-66 and its composites was determined from the DSC 
thermal analysis scans. The crystallinity degree (X c ) was 
determined using equation 1: 

X c ={Aff m /(l-®)Atf“}xl00% 


( 1 ) 


AH° m 


Where m is the heat of fusion for PA-66 (100% 
crystalline), taken as 196J/g [27, 28] and O is the fraction 
weight of filler in the composites. 

Non-isothermal crystallization was determined and the 
curves obtained from DSC analysis shown in figure 6. Both 
the heating and cooling scans are shown and were used in 
determining fusion heat, AH m , temperature of melting, T m , the 
crystallinity degree, X c , the temperature of crystallization, T c , 
and super cooling degree, AT= (T m -T c ). Integrating heat flow 
at 230 - 270 °C yielded the heat of fusion while at 200 - 240°C 
yielded the cold crystallization heat. The results are 
represented in table 4. 

Table 3: DSC melting and crystallization parameters for 
neat PA66 and with different POSS loading 


Sample 


(°C) 


(J/g) 


(°C) 


(J/g) 


(°C) 


259.82 63.28 


219.17 54.31 40.53 


225.40 65.32 34.52 


259.94 56.78 225.37 65.06 34.57 


Results obtained showed that POSS in PA-66 leads to 
improvement in crystallization, because there was an increase 
in the temperature of crystallization by 6°C. The crystallinity 
degree of PA-66 in PA-66/POSS also showed an increment 
particularly at 1% POSS loading. Table 4 also indicates that 
the temperature change of the nanocomposites are less than 
that of pure PA66, an indication that with POSS addition into 
PA-66, resulted in increased crystallization rate of 
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PA-66.[27] The melting temperature (T rn ) was unchanged 
with addition of POSS, thus it can be concluded that the size 
of the crystals in PA-66 was not altered. 

IV. CONCLUSION 

This study investigated the synthesis, formation and 
thermal characterization of a novel mixed matrix fiber 
material based on molecular scale inorganic filler. The 
potential application of polyhedral oligomeric silsesquioxane 
as molecular filler material was studied. 

PA-66 was found to be thermally stable up to 350°C with 
low molecular weight species burning off below 200°C and 
was less than 2% of sample weight. PA-66-OPS were also 
thermally stable up to 350°C with burn-off of low molecular 
weight species being below 240°C. PA-66-OAPS was found 
to be more thermally stable (up to 400°C) when compared to 
PA-66 and PA-66-OPS with low molecular weight species 
burning off below 200°C. The decomposition temperatures of 
the PA-66/POSS nanocomposites increased with increasing 
POSS content, an indication that the thermal decay of the 
PA-66/POSS nanocomposites was delayed with POSS 
inclusion into the PA66 matrix. Recrystallization temperature 
improved from 219°C for neat PA-66 to 225°C for 
PA66/POSS composites (1, 2, 3%wt POSS). Enhanced 
thermal behavior with POSS concentration was indication of 
strong positive interactions of rigid POSS with PA66. This 
also indicated restrictions were induced to the motion of the 
polymer chains. The onset decomposition temperature 
improves by up to 6°C with the addition of POSS as indicated 
by TGA analysis. 

OAPS exhibited better thermal behavior when added to 
PA-66 compared to OPS and thus is recommended as a 
prospective nanomaterial for further studies. 
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